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Abstract

Understanding the response of terrestrial ecosystems to climatic warming is a chal-
lenge because of the complex interactions of climate, disturbance, and recruitment
across the landscape. We use a spatially explicit model (ALFRESCO) to simulate the
transient response of subarctic vegetation to climatic warming on the Seward
Peninsula (80 000 km?) in north-west Alaska. Model calibration efforts showed that fire
ignition was less sensitive than fire spread to regional climate (temperature and preci-
pitation). In the model simulations a warming climate led to slightly more fires and
much larger fires and expansion of forest into previously treeless tundra. Vegetation
and fire regime continued to change for centuries after cessation of the simulated cli-
mate warming. Flammability increased rapidly in direct response to climate warming
and more gradually in response to climate-induced vegetation change. In the simula-
tions warming caused as much as a 228% increase in the total area burned per decade,
leading to an increasingly early successional and more homogenous deciduous forest-
dominated landscape. A single transient 40-y drought led to the development of a
novel grassland-steppe ecosystem that persisted indefinitely and caused permanent
increases in fires in both the grassland and adjacent vegetation. These simulated
changes in vegetation and disturbance dynamics under a warming climate have impor-
tant implications for regional carbon budgets and biotic feedbacks to regional climate.
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Introduction

Vegetation response to climatic warming could feed back
to cause large changes in regional and global climate
through effects on terrestrial carbon storage (Smith &
Shugart 1993) and on water and energy exchange
(Chamey etal. 1977, Bonan etal 1992; Chapin &
Starfield 1997). The rate and magnitude of this feedback
is influenced by transient changes in the distribution of
terrestrial ecosystems in response to changes in climate,
disturbance regime, and recruitment rates. The long-term
direction of ecosystem change 1s also sensitive to spatial
patterns and processes operating at the landscape scale
(Turner etal. 1994, 1997; Fastie 1995).
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Current predictions of vegetation response to climatic
warming assume either disturbance regime does not
change (Pastor & Post 1988; Sirois etal. 1994) or use
globally averaged rates of disturbance (Smith & Shugart
1993). Conversely projections of future disturbance
regime in a warmer climate (Flanmgan & Wagner 1991;
Kasischke etal 1995; Flannigan etal. 1998, Gardner efal.
1999) generally neglect rates and patterns of vegetation
response to climate and disturbance. However, the
climate-disturbance-vegetation interactions clearly in-
fluence the rate and pattern of changes in vegetation
(Neilson 1993; Noble 1993) and disturbance (Gardner
etal. 1996) through effects on fire probability and spread
(Gardner etal, 1999), and pattern of colonization (Turner
etal, 1997)

Landscape-scale interactions between vegetation and
disturbance are particularly important at the forest-
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tundra ecotone (Noble 1993; Starfield & Chapin 1996;
Chapin & Starficld 1997), where vegetation change wall
have large feedbacks to climate (Pielke & Vidale 1996).
The predicted colomization of tundra by forest will likely
Increase terrestrial carbon storage (Prentice & Fung 1990,
Smith & Shugart 1993), reducing the warming potential
of the atmosphere, and increase absorption of solar
radiation (Bonan efal 1992, Thomas & Rowntree 1992,
Chalita & Le Treut 1994; Foley etal 1994) creating a
positive teedback to regional warming (Chapin &
Starfield 1997)

Modelling transient dynamics of vegetation change
allows mveshgation of both the short- and long-term
responses of ecosystems to landscape-level disturbance
and recruitment, and the subsequent feedbacks between
climate and the biosphere These spatial processes are
responsible for long-term changes in vegetation distribu-
tion (Dale 1997) in response to changing chmate and
must eventually be incorporated into large spatio-
temporal scaled models of gradual climatic change. In
this paper we use a spatially explicit model (Rupp etal.
2000) that simulates the response of subarctic vegetation
to climatic warmmg. We investigated the sensitivity of
vegetation change on the Seward Peninsula in north-west
Alaska to different rates of climatic change over a 500-y
period.

Methods

Study site

Model simulations were conducted n north-west Alaska
on the Seward Penmnsula (the simulation landscape
measured 200 X 400 km) (Fig. 1a) The area was selected
because 1t mcludes a climate/vegetation gradient from
upland tundra to treeline, and therefore might undergo
considerable vegetation change mn a warming climate
Currently, the landscape 1s dominated by tundra (either
treeless tundra or tundra with some level of spruce
canopy present) with a small proportion of spruce forest,
which increases as one travels inland. Elevation ranges
from sea level to 2200 m, but most of the landscape is less
than 600 m. Fires are infrequent, due to the low density of
hghtering strikes (Reap 1991) and burn primarily in
tundra (the dominant vegetahon type on the Seward
Peninsula). Most fires in Alaska are stand-replacing fires
that leave a mosaic of burned and unburned patches on
the landscape (Viereck 1973)

Climate on the Seward Penunsula 1s characterized by
long cold winters (-20° to —30°C) (Hammond & Yarie
1996). The growing season (May-Sept.) 1s cool and wet
along the coast, with warmer and drier conditions
inland. Growing-season precipitation accounts for about
60% of the annual total and increases by two-fold from

north to south. Snowfall patterns show a similar N-S
trend, with mountains receiving twice the amount of
lower elevations Current climate records (1950-98) for
Nome (a coastal weather station) show average annual
growing-season temperatures (May-Sept ) ranging from
5% to 9°C (mean of 7°C), and total growing-season
precpitation ranging from 146 to 450mm (mean of
247mm). Average annual precipitation 15 405 mm.
Average annual snowfall is 150cm, with only 8cm
faling during the growing season (95% falling in early
May)

Model overview

ALFRESCO (Alaskan Frame-based Ecosystem Code)
simulates the response of subarctic vegetation to tran-
sient climatic change 1 Alaska (Rupp etal 2000). The
model assumptions reflect our hypothesis that fire
regime and climate are the primary drivers of land-
scape-level changes i the distribution of vegetation in
the circumpolar arctic/boreal zone (Payette 1983; Van
Cleve etal. 1991; Bhss & Matveyeva 1992; Holling 1992;
Startield & Chapin 1996). Assuming a warming climate
we expect tundra to change to forest (Pastor & Post 1988;
Hobbie & Chapin 1998) and the frequency and extent of
fires to mcrease (Flannigan & Wagner 1991, Stocks 1991;
Kurz & Apps 1995) over the time-period spanning the
next decades to centuries.

ALFRESCO operates at a 10-y time-step, the average
frequency of severe fire years in the North American
boreal forest (Flannigan & Harrington 1988), and
calculates vegetation change in a landscape composed
of 2X2km pixels, a scale appropriate for mnterfacing
with mesoscale climate models (Starfield & Chapin 1996).
The model was imtially developed and parameterized
for upland tundra and forests of Alaska as a nonspatial
model (Starfield & Chapin 1996), which was later made
spatially explicit to improve its representation of the
spatial processes of fire spread and seed dispersal (Rupp
etal. 2000).

The model simulates four major subarctic ecosystem
types upland tundra, white spruce forest, deciduous
forest, and grassland-steppe. The grassland ecosystem
type 1s currently not a large component of the
subarctic boreal forest, except for local occurrence on
dry south-facing slopes (Yurtsev 1982, Lloyd etal.
1994), but was widespread during the late
Pleistocene (Hopkins etal. 1982; Zimov efal 1995)
and occurs regularly in the southern reaches of the
boreal forest (Hogg & Hurdle 1995). The ecosystem
types represent a generalized classification of the
complex vegetation mosaic characteristic of the cir-
cumpolar arctic and boreal zones (Solomon 1992;
Starfield & Chapin 1996; Rupp etal 2000).
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ALFRESCO is a frame-based model (Starfield etal.
1993), where each ecosystem type (i.e. frame) constitutes
an independent submodel Each submodel calculates and
monitors factors and processes that could cause a switch
to another ecosystem type. Switching rules establish
whether a switch from one frame to another occurs,
deactivating the current submodel and activating the
submodel representing the new ecosystem type. This
approach emphasizes processes causing vegetation
change, not variables controling productivity or species
composition within a vegetation type, as developed n
gap dynamics models (Shugart & West 1980; Pastor &
Post 1986; Starfield & Chapm 1996) Thus, during the
development of the original nonspatial model, a number
of parameters and processes (cg soil fertility, soil
moisture, permafrost depth and shrub biomass) were
investigated for inclusion in the model, but were
excluded because they influence within-stand dynamics
more strongly than the nature and timing of switches
among ecosystem types (Starfield & Chapin 1996).

The model uses both quantitative and qualitative
variables, an mnovative technique employed by frame-
based models (Starfield 1991; Starfield etal. 1993).
Quantitative variables are employed where actual num-
bers seem appropriate (e.g. age-dependent mortality
rates). Qualitahve variables and rules are used to
describe general ecological relationships, where data
are limited or detail 18 unnecessary (e.g. seed availability)
(Starfield & Chapin 1996).

Model mput data were generated from GIS raster
coverages, within the GRID environment of ARC/INFO
(ESRI 1994). The data came from Alaskan datasets of
current growing-season temperature and precipitation
(Hammond & Yane 1996), current vegetation (Fleming
1997), and topography. Elevation data were created from
15-minute Alaska digrtal elevation models (USGS 1990)
ASCII input files were generated from the spatial
datasets and read into the initialization routine of the
model.

Climate

ALFRESCO generates climate stochastically based upon
observed (1960-90) growing scason (May—Sept.) climate
in Alaska (Hammond & Yarie 1996). Clhimate 1s input to
the model as a series of 10 alternative maps of growing-
season temperature and precipitation These maps have a
geographical pattern of climate that is logically consistent
with topography and latitude (e g. colder in mountans
and to the north) and with observed synoptic chmatol-
ogy (e.g. more precpitation near coastal moisture
sources). The chimate maps preserve these basic geogra-
phical patterns of chmate, but differ in the magnitude of
temperature and precipitation The temperature maps
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range from -2°C colder to +7°C warmer than current
climate. Precipitation maps were derived from projec-
tions of future Alaskan climate by four GCM’s (Maxwell
1992; Chapin & Starfield 1997). From these projections,
precipitation maps were umformly increased (or de-
creased for colder temperature maps) by 15% for each
1°C change from the observed current average tempera-
ture.

The actual maps of temperature and precipitation
chosen at each time-step are selected in two stages First,
a climate scenario 15 chosen (e g current climate or +2°C
mstantaneous change). Then, for each climate scenario
there is an associated probability distribution of choosing
a particular map ot temperature and of precipitation for a
given time-step. These frequency distributions (around
growing-season mean values) of both current tempera-
ture and precipitahon were developed from climate
records for a tundra site (Nome)}, a treeline site (Haugen
1982), and a boreal forest site (Fairbanks) (Starfield &
Chapin 1996; Chapin & Starfield 1997) Precipitation and
temperature maps are chosen independently at a given
time-step (ie a 1°C temperature increase does not
necessarily result m a 15% increase m precipitation).
For example, under current climate, the map that
represents the observed average growing-season tem-
perature (1960-90) has a 60% chance of being chosen (in
any given time-step), while the observed precipitation
regime has only a 40% chance of bemg chosen. The
temperature and precipitation in each pixel of the map 1s
then converted to temperature and precipitation classes
(1, 2, 3 or 4) that have defined effects on vegetation
(Starfield & Chapin 1996; Rupp etal. 2000). In this way
we define coherent scenarios of chmatic change (e.g.
instantaneous or gradual climatic warming), allow
stochastic variation 1n temperature and precipitation at
each time-step for a chmate scenario, and provide
geographical patterns of climate that are consistent with
topography and synoptic chmatology

At each time-step, for each pixel, an ‘effective drought’
index (Trigg 1971; Clark 1988) class (1, 2, 3 or 4) 18
determined based on the temperature and precipitation
class within that pixel (Table1); the index decreases (1e
more severe drought conditions) with increasing tem-
perature and decreasing precipitation (Thomwaite &
Mather 1957, Starfield & Chapin 1996). This index
provides a measure of drought seventy and is utilized
m determining vegetation growth, vegetation flamm-
ability, and the probability of nsect outbreak in tundra
(see disturbance subsection). The database for probability
distributions of temperature and precipitation for differ-
ent climate scenarios and the relationships of climate to
vegetation growth and composition, flammability, and
probability of insect outbreak are presented in Starfield &
Chapin (1996) and Rupp etal. (2000).
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Table1 Effective drought index classes (1=driest and
4=wettest) as determmned by average growing-season
temperature and iotal growing-season precpitation (May-
September) The Methods section describes how the drought
index affects canopy growth, vegetation flammability, and
nsect outbreaks

Precipitation class®

Temperature class' 1 2 3 4
1 3 4 4 4
2 2 3 4 1
3 1 2 3 4
4 1 1 2 3

'Class 1,<65°C, Class 2, 65°-95 °C, Class 3, 95°-125°C,
Class 4,>125°C

*Class 1, <120 mm; Class 2, 120-180 mm, Class 3, 180-240 mm;
Class 4> 240mm

The spatial and temporal scales in the model have
important implications for the dynamices of vegetation
and disturbance. For example, a 2 X 2km pixel ‘in the
spruce frame’ implies a vegetation mosaic in which
spruce 1s dominant but propagules of deciduous trees
and grasses are present. Similarly, at a time-step of 10y,
the growing season 1s not assumed to be uniformly warm
or precipitation uniformly low during all 10 years.
Rather, a ‘cold’ decade 1s one where there were sufficient
low-temperature seasons to nhibit tree establishment,
while a “dry’ decade is one where some of the ycars were
sufficiently dry to make fires more hkely.

Disturbance

The model simulates both insect outbreak {in tundra sites
with spruce forest) and fire. The fire regime 1s simulated
stochastically and 15 driven by chmate, vegetation type,
canopy cover, and time since last fire. ALFRESCO
employs a cellular automaton approach, where an
igruted pixel may spread to any of the eight surrounding
pixels. Ignition of a pixel 1s determined by comparing a
random number io the flammability value of that pixel
Fire spread depends on the flammability of the receptor
pixel and the effect of natural fire breaks including
topographic barriers (elevations >600m are assumed to
contain little or no fuels) and large water bodies (i.e.
lakes and river systems comprising the majonty of a
2 X 2km pixel). Spot fires smaller than our 2 X 2 km pixel
are ignored. A ‘fire’ implies that more than 50% of the
arca burned with an intensity that killed a majority of
trees. In all ecosystem types flammability 1s assumed to
be a function of an ‘effective drought’ index (Trigg 1971;
Clark 1988), which decreases (i ¢. more severe drought

conditions) as chmate becomes warmer and dryer
(Thornwaite & Mather 1957, Starfield & Chapin 1996).
Fire probability differs among ecosystem types due to
differences in fuel build-up (e g. vegetation type, time
since last disturbance, and canopy cover) (Rupp etal.
2000). In this manner, we can simulate the dynamic
interactions between fire, cimate, and vegetahon change.

Insect outbreak 1s currently simulated only within
tundra pixels that have some spruce canopy (Le. the
forest—tundra ecotone). We assume outbreaks do not
spread to neighbouring pixels and are determined by
canopy cover and drought events (Mattson & Haack
1987; Holling 1992; Starfield & Chapm 1996) Insect
outbreak causes a 25% reduction in tree canopy of an
attacked pixel.

Seed dispersal

ALFRESCO models some forms of seed dispersal
mmplicitly (because the sources are too small to be seen
at a 2X2km resolution), others explicitly. Thus the
model assumes that small patches of grassland are
present in pixels classified as tundra, deciduous forest,
and spruce forest, so that sced is available when
conditions are right for grasses to out-compete other
species. Likewise scattered deciduous species are as-
sumed to be present n spruce forest.

Anncrease in spruce canopy cover in tundra occurs in
two ways: seed inputs from trees already present on the
site (in-filling) are modelled mmplicitly while dispersal
from outside the site is simulated 1n a manner simlar to
the fire spread routine We assume seed dispersed from a
seed source has a dispersal distance threshold of 4km
(beyond which no seed travels) Mountams (elevation
>600m) and large water bodies physically inhibit the
spread of seed. The number of neighbouring seed
sources determines the amount of seed available (from
outside) to a given pixel, which along with climate and
in-filling determines increases m canopy cover (Rupp
etal. 2000).

Ecosystem dynamics

The individual submodels (ecosystem types) used in
ALFRESCO (a detailed description can be found at
http./ /www lter.alaska.edu/pubs/alfresco.html) are
identical to those described by Starfield & Chapin
(1996) and Rupp etal. (2000). We provide only a general
overview,

Within a given submodel we simulate those mechan-
1sms and processes that might cause a swilch to a new
ecosystem type. We then compare values of these
parameters to thresholds defined m switching rules to
determine whether a switch from one ecosystem to
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another occurs [f a switch occurs, the ‘old” submodel 1s
terminated and the ‘new’ submodel is activated For
example, a tundra pixel may switch to spruce forest
when tree canopy cover exceeds 50% or switch (with
probability of 0.75), to grassland following a fire and two
consecutive hot, dry decades. Tree canopy cover in-
creases as a function of temperature and seed rain and
decreases as a funchon of insect attack (causes a 25%
reduction in canopy cover) and fire (causes a removal of
all trees) The seed rain variable accounts for both
infilling (seed mput from established trees on the site)
and dispersal from surrounding seed sources (spruce
forest within 4 km of tundra) Fire and insect attack are
stochastic functions of climate and tree canopy cover.

Following conversion from tundra to white spruce
forest, a pixel remains forest until a fire occurs Fire
normally causes a switch to early successional deciduous
forest. Deciduous forest 1s maintained by fire, but
following a fire-free period of 90-120 years switches back
to spruce forest. IHowever, fire in association with
extremes 1n chmate may cause a switch to grassland-
steppe (two consecutive hot and dry decades) or a switch
back to upland tundra (two consecutive cold decades).
Fire i the grassland-steppe ecosystem type causes
reversion to deciduous forest or tundra, or causes the
system to remamn as grassland, as a funchon of
temperature and seed availability (Starfield & Chapin
1996; Rupp etal. 2000).

Model simulations

The nonspatial model (Starfield & Chapin 1996) from
which ALFRESCO was developed, used observations
from the hterature to develop fire regime parameters for
each vegetation type. ALFRESCO was ongmally cab-
brated to yield similar average total area burned to that
of the nonspatial model for a given vegetation type and
chimate regime (Rupp et al, 2000). The original calibration
of ALFRESCO assumed that the probability of fire
ignition from lightening strikes and fire spread was
identical (Starfield & Chapin 1996), an assumption that
worked well for a “generalized’ landscape (1 e. all of the
Alaskan arctic treeline). This generalized parameteriza-
tion, however, did not fit the Seward landscape. The
predicted pattern of fires was skewed towards many
small fires compared to the pattern of fires observed from
1950 to 1997 (Kasischke & French 1997) This discrepancy
occurred because there are fewer lightening strikes on
the Seward Peninsula (Reap 1991) than in the rest of
interior Alaska where the original model was calibrated.
We therefore recalibrated the model to match both the
observed fire regime (1950-97) and the current vegeta-
tion distribution, under current climate conditions, on
the Seward Peninsula
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We then simulated several different climate change
scenar1os (Table 2), run for 500 years, with each scenario
replicated 100 times. The instantaneous warming scenar-
10s represent the maximum rate of vegetation change that
mught occur under such temperature increases, whereas
the ramped scenarios provide a more realistic view of
future predicted climatic warming and the resultant
vegetation distribution. The drought expeniment simu-
lated the effect of short-term climatic extremes on long-
term vegetation distribution by imposing a 40-y drought
(a climate 7°C warmer and 30% dryer than current
climate) on the landscape. Past changes in Alaskan
climate have often been large 1n magnitude (2-5°C) and
duration (20-40y) associated with changes in the Arctic
Oscillation (Serreze efal. in press). The drought scenario
we simulate 1s larger and longer than any recorded
during the 100-y chmate history of Alaska but 18 within
the range of natural variability and therefore constitutes
a useful experiment Fmally, we performed various
sensitivity analyses (see results section) to identify the
sensitivity of ALFRESCO to changes in model assump-
tions and parameter values

Results

As described n the methods, our modelling work using a
nonspatial model (Starfield & Chapm 1996) and the
spatially explicit model on a hypothetical landscape
(Rupp etal. 2000) assumed that the probabihty of fire
ignition and fire spread were the same. This assumption
produced too many small fires when applied to the

Table 2 Summary of simulahon condibons for chmate change
expeniments over a 500-y period (rephcated 100 times)
Instantaneous changes were initiated in the first decade. The
ramped scenarios occurred continuously over 200 or 400 years
and were then held constant for the remainder of the
simulation

Growing-season

Climate Temperature  Preapitaton  Type of
experiment increase increase change

1 =2°C -30% Instantaneous
2 No Increase No Increase Current chmate
3 +2°C 30% Instantaneous
4 +4°C 60% Instantaneous
o +2°C 30% Ramped 200y
6 i2°C 0% Ramped 400y
7 +4°C 60% Ramped 200y
8 +4°C 60% Ramped 400y
9 L B -30% 40-y drought

** expt 9 was conducted for climate scenarios in expts 1-4.
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Seward Peminsula We therefore allowed fire 1gnition and
tire spread parameters to vary independently with
climate with the goal of producing simulation results
that, under current chmate, best matched the observed
fire records between 1950 and 1997 (Kasischke & French
1997). Several parameter sets could reproduce these
records When we further assumed that the current
vegetation observed on the Seward Peninsula (Fleming
1997) is in equilibrium with the current environment (i.e.
observed chmate and disturbance regime), there was a
single parameter set that accurately simulated fire size,
fire number, and vegetation composition. We used this
parameter set for the remaiming simulations

The observed data for lightening strikes, fires, and
climate suggested that fire spread is more sensitive to
temperature and precipitation (1 ¢ drought index) than 1s
ignition. Analysis of the drought index map calculated
by the model for ‘typical’ fire weather (i e weather that1s
warmer and dryer than average observations) matched
well with the location of actual fires, suggesting that our
derived relationship between drought index and vegeta-
tion flammabihty was realistic.

Under current climate ALFRESCO simulated an
average of 12 fires that burned 216400ha (541 pixels)
per decade compared to 10 fires per decade that burned
221200 ha (553 pixels) as observed from fire records The
model simulated an average fire size of 18400ha (46
pixels) compared to an observed 22000ha (55 pixels).
ALFRESCO also simulated a steady-state equihbrium
vegetation distribution that matched current vegetation,
predicting (on average for 100 replicates) no change n
forest cover after 500 years. This vegetation stability 1s
consistent with the assumption that current vegetation 1s
in equilibrium with the current chimate and fire regime
on the Seward Peninsula.

To further test the model we simulated the response of
the landscape to a colder (instantaneous decrease of 2 °C)
climate. Due to chmatic constramts (1.e. growing-season
temperatures too cold to support tree establishment and
survival) a 2°C decrease in growing-season temperature
(average May—Sept.) reduced the amount of spruce forest
on the landscape from 14 to 0.4% after 500 years. The
cold clhimate prevented spruce forest destroyed by fire
from being recolonized by trees, and so it remained as
tundra until the end of the simulation period.

We next investigated the response of the Seward
Peninsula to several scenarios of warming chmate
(Table 2) over the next 500 years. In all experiments, an
increase in growing-season temperature caused a sub-
stantial increase m both white spruce and deciduous
forest cover (Fig.1). An instantaneous 2°C temperature
increase resulted in 15% total forest cover after 500 years,
compared to 65% under a 4°C increase (Fig. 2). The 4°C
increase also showed a greater rate of transient mncrease

mn forest cover In all warming scenarios the first
observable change was a conversion of forest tundra
(spruce canopy 1-49%) to spruce forest (Fig.1b), fol-
lowed by a combinahon of spruce expansion mto
formerly treeless tundra and converston of spruce to
deciduous forest by fire (Fig. 1c). The 1rutial increase in
forest cover lagged behind the temperature change by at
least 40 years due to time required for initial establish-
ment and growth of trees in tundra. Forest continued to
expand even 500 years after the 2° and 4° instantaneous
temperature increases. The ramped scenarios showed a
more gradual rate of change, with total forest cover after
500 years ranging from 7% to 58% (Fig. 3). Time lags prior
to initial change mn forest cover were twice as long under
ramped (Fig 3) as under instantaneous (Fig 2) tempera-
ture increases. The deciduous spruce forest ratio after
500 years changed from 1:1 (under current climate) to
4:1 (under an instantaneous 4°C crease) (Fig 1),
reflecting changes in disturbance regime and associated
successional dynamics (ie. climax spruce forest is
replaced by early successional deaiduous forest follow-
ing fire)

Climate warming caused a moderate ncrease in
number of fires and a large increase in average fire size
and total area burned (Fig.4 and Table 3). These changes
mn fire regime occurred quickly mn response to the
instantaneous climatic change used in these simulations.
However, the area burned continued to change through-
out the simulation m response to gradual change in
vegetation and landscape pattern. The initial rapid
changes mn area burned occurred due to chmate-induced
increases 1 the flammabihity of all vegetation types,
which influenced the number of fire ignitions and the
extent of spread. Subsequent slow changes in area
burned reflected vegetation-induced increases in the
overall flammability of the landscape, as more highly
flammable spruce forest occupied the landscape, causing
an increase in the average size of fires.

Changes in the number of fires and area burned are
important landscape-level drivers of the rate and direc-
tion of succession. We investigated the influence that
disturbance has on the rate and pattern of vegetation
change by altering the overall level of fire activity (no-
fire, halved or doubled) in the landscape under both
mstantaneous temperature mcrease scenarios (Table 4).
The no-fire scenario predicted a 36% and 72% increase in
total forest cover across the landscape after 500 years for
the 2° and 4°C warming scenarios, respectively, com-
pared to 2% and 10% total forest cover for the doubled-
fire scenario. With fire removed from the landscape
forests consisted entirely of spruce forests, whereas the
doubled fire scenario produced a deciduous-dominated
forest (90-95% deciduous cover). In fact, the doubled fire
scenario resulted 1n approximately 1% less white spruce
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o TunIAra (no spruce canopy)

White Spruce Forest
Declduons Forest
Water/Barriers

Tundra
White Spruce Forest
Declduous Forest

Water/Barriers

Fig.1 Simulated response of Seward Peminsula vegetation to an mstantaneous +4°C growing-season temperature increase Maps
show (a) current vegetation (b) simulated vegetation 100y following temperature increase, and (c) 200y following increase. The map
of current vegetation stratifies tundra mto 3 classes determined by the level of white spruce tree canopy cover (treeless, 1-20% cover,
and 21-50% cover). The simulated response of the vegetation shows forested tundra first being converted to spruce forest (Fig 1b),
followed bv a combination of spruce forest expansion nto tundra and conversion of spruce to deciduous forest by fire (Fig 1c)
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Fig.3 Average total forest cover, both white spruce and deciduous forest, across the landscape for 2°C (grey lines) and 4°C (black
lines) growmng-season temperature increases ramped over 200 (solid lines) or 400y (dashed lines). Simulated for 500y and replicated

100 times

forest m the landscape than initially present. There
appears to be a trade-off whereby a warming climate
produces more favourable growing conditions for spruce
forest establishment but also a more hostile environment
(1.e. more and larger fires) for long-term spruce survival

Extreme climate events can produce long-term
changes in vegetahon distribution and disturbance
regime. We simulated a 40-y drought event 100 years
mto the simulation for the instantaneous -2°,+2°, and
+4 °C warming scenarios, as well as for current chimate.
Under each chimate scenario a prolonged drought caused
a short-term, large-scale conversion of upland tundra to
dry grassland-steppe (Fig.5a). The onset of drought
mutiated large fires, which burned approximately 85% of
the landscape m the first decade of drought. These burns
were then colonized by dry grassland in the following

decade. Grassland persisted throughout the drought due
to 1ts short fire-return mnterval (i.e. burns every 10 years),
but a return to colder (i.e. —2°C) climate resulted mn an
immediate reconversion of burned grassland to upland
tundra (Fig. 5b). Under current climate, there was a 130-y
lag period between the end of the drought and
reconversion to tundra. Under warmer climate (i.e.+2°
and +4°C) grassland was either colorized by deciducus
forest or persisted on the landscape (Fig.6). The+2°
scenario actually resulted in more grassland persisting
on the landscape than the+4° scenario. In the+2°
scenario climate was not cold enough to cause a return
to tundra (i.e. as in the —2°C and current climates), but
was also not hot enough to allow widespread coloniza-
tion by deciduous forest (i.e. as in the +4°C scenario).
This suggests grassland—steppe ecosystems under certain

2000 Blackwell Science Ltd, Global Change Biology, 6, 541-555
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Fig.4 Average total area burned per decade for mnstantaneous —2°C (diamonds), + 2 °C (squares), + 4 °C (trangles), and current cli-

mate (circles) scenanos Simulated for 500y and rephcated 100 times

Table3 Summary of fire regime including average number of
fires and total area burned per decade and average individual
fire size for expts 1-4 Results are the average (over the 500-y
simulation) for the entire landscape for 100 replicate tuns

Instant Current Instant Instant

Ave /Decade ~2°C Climate 2°C it

# Fires 11.64 11 82 1278 15 64

! Area burned 106,800 216,400 273,200 597,200
Fire size 9200 18,400 21,200 37,600

!Average hectares per decade

climate conditions, once established, may remain in the
landscape at relatively high levels indefinitely. Even
under current climate, grassland persisted n 2% of the
landscape through the 500-y simulation. Following
drought a dynamic equilibrium was reached in which:
(a) spruce replaced early successional deciduous vegeta-
tion over time; (b) an increase of flammable vegetation
(1.e. white spruce forest) caused large fires; (c) fire-related
spruce forest mortality occurred; and (d) a switch back to
deciduous forest followed This fire-vegetation feedback
produced 30-y and 60-y quasi-stable oscillations m
regional vegetation composition in response to 2°C and
4°C warming, respectively (Fig. 6).

Finally, we performed four sensitivity experiments to
test the robustness of our results and identify the
processes and factors to which ALFRESCO was most
sensitive.

1 Length of drought. A 20-y drought caused the same
vegetation trends as the 40-y drought (i.e. extreme short-
term changes and a consistent long-term effect on
vegetation). However, after a short drought a lower

€ 2000 Blackwell Saience Ltd, Global Change Bology, 6, 541-555

proportion of total grassland remained on the landscape
over time. These sirnulations show that in ALFRESCO, a
short-term severe drought (ie decades in which some of
the years are sufficiently dry and hot to allow for severe
fires and the establishment of grassland) has long-term
effects on vegetation, regardless of the length of the
drought.

2 Remnant spruce trees followmmg a fire. ALFRESCO
assumes that fires in tundra kill all spruce trees This
assumption oversimplifies the complexity of fire pattern
in boreal forest and likely causes a conservative estimate
of potential forest response to warmimng. We altered the
fire-effects scenario in tundra so that some remnant
spruce trees (1-7%) survived tundra fires Under current
climate, this change had no effect on model results. Even
under warming scenarios, the rate of conversion of
tundra to spruce forest changed httle, with only shghtly
more (1-2%) total forest (both spruce and deciduous)
present after 500 years, compared to the original model
assumption (ie. all trees in tundra are killed by fire).
However, this alternative model assumption did affect
the fire regime (for the warming scenarios), increasing
the average area burned per decade by 50000ha,
compared to the original assumption

3 Increased msect outbreaks. Insect outbreaks m tundra
played a small role in our simulation experiments
Doubling of the probability ot an msect outbreak had
no effect on the model results under current climate.
Under warming climate, the doubled probability of
insect outbreak caused a small decrease m total forest
and average area burned per decade, compared to the
normal cutbreak scenarios (under a warming chimate).
This suggests that insects could become more important
agents of change in a warming climate
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Table4 Summary of fire sensitivity experiment including average number of fires and total area burned per decade, average
individual fire size, and average spruce and deciduous torest cover at the end of the simulation (initial spruce forest cover was 14%
and deciduous forest cover was 0%). Results are the average (over the 500-y simulation) for the entire landscape for 100 rephcate

runs

Spruce Deaduous Area

forest (%) forest (") # Fires Burned Fire size
+2°C - No fire 361 0 0 0 0
+2°C - Halved 313 11.1 85 130,368 14,779
+2°C - Normal 146 94 128 273,272 21,278
+2°C - Doubled (13 18 15.6 1,042,528 62,639
+4°C - No fire 7271 0 0 0
+4°C - Halved 436 273 115 202,480 16912
+4°C - Normal 139 50.6 15.6 597,040 37,408
+4°C - Doubled 0.5 95 165 1,121,176 63,273

!'Average hectares per decade

4 Increased flammability of tundra Based on fire data
and anecdotal evidence, tundra vegetation on the Seward
Peninsula may be more flammable (due to the presence
and abundance of lichen) than spruce forest. We
explored this hypothesis by doubling the flammability
of tundra and correspondingly reducing the probability
of fires spreading (in all vegetation types). This increased
the area burned in tundra and reduced the area of spruce
forest burned (origmally the most flammable vegetation
type). However, we were then unable to match the model
output to both the observed fire record and the
vegetation distribution. If we calibrate the model to
match the observed fire regime with high tundra
flammability, the resultant landscape contains much
more spruce than observed currently. If we calibrate
the model to match the vegetation, we cannot match the
fire record. This sensitivity analysis of model assump-
tions suggests that, if lichen-dominated tundra is more
flammable than spruce forest, there 1s less spruce and/or
more fires on the current landscape than if fire and
vegetation were in equilbrium with climate This
situation might result from deforestation by gold mmers
100 years ago and/or increased human ignitions in recent
decades.

Discussion

Our simulations suggest that a climatic warming of as
Iittle as 2°C would cause substantial conversion from
tundra to forest on the Seward Peninsula. Under the 2 °C
warming scenarios (both instantaneous and ramped)
there was a time lag for the doubling of the initial total
forest cover of 70-290y, which is similar to time-lag
estimates of treeline movement from pollen cores 3500-
5000y ago (MacDonald etal. 1993). Furthermore, spruce

forest migration (both in-filling and coloruzation that
doubled the 1mitial spruce forest cover) had a time lag of
150-500 y. These changes would have important regional
mmplications for future carbon budgets and biotic feed-
backs to chmate. Such time-lags in forest advance would
likely result in tundra being exposed to warmer
temperatures than at presenl before being replaced by
forest, which might cause transient loss of stored carbon
from tundra (Smuth & Shugart 1993) that would not be
predicted by equilibrium simulation models (King &
Neilson 1992; Oechel etal 1993; Smuth & Shugart 1993;
Chapin & Starfield 1997).

The boreal forest, which contains 11% of the world’s
soil carbon (Post etal. 1982) and 40% of the world’s
reactive soil carbon (McGuire etal. 1995), would likely
serve as a major carbon source i light of the increases in
fire number and area burned simulated by ALFRESCO
(Kasischke etal. 1993, Kurz & Apps 1995). White spruce
forest migration in as little as 150 years would reduce
albedo n areas previously treeless (1e. tundra) by
converting white snow-covered tundra to a darker
spruce forest. The resulting increase in absorbed radia-
tion would lead to positive feedbacks to chmatic
warming (Bonan etal. 1992, 1995; Foley etal. 1994).

Spatial processes such as fire spread and seed
dispersal can cause substantial changes in vegetation
distribution and pattern. By decreasing the ignmition and
increasing the fire spread probabilities we were able to
simulate the average fire number and size that have been
observed on the Seward Peninsula over the past 50 years
(Kasischke & French 1997). The changes in the climate
sensitivity of fire igrition and spread (compared to the
original simulation runs) that were required to match the
observed fire regime indicate that fire spread and fire
size are much more responsive to climatic warming than

¢ 2000 Blackwell Science Ltd, Global Change Biology, 6, 541-555



CLIMATE CHANGE IN NORTHWEST ALASKA 551

(a)

60% T

50% T | "l‘

40% +

=

4

30% T+

20% +

10%

Percentage Grassland in Landscape

0%

| —e—Grassland 2C |
| —e— Grassland Current
| -—Grassland +2C |
| —+—Grassland +4C

0 2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 30

(b)

90% _
80% -
70% -
60%
50% -
40% AT
30% - —+—Tundra-2C
20% —e— Tundra Current
10%11 -—-—-dera+~2:C :
i ——Tundra+4 C

Percentage Tundra in Landscape

0 RS STRR E  R  E

Decade

ik bR P Bk

0 2 4 6 8 101214 16 1820 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Decade

Fig.5 Average percentage vegetation cover across the landscape for (a) grassland cover and (b) tundra cover, for expt 9 (see Table 2}
Results for instantaneous -2 °C (diamonds), +2°C (squares), +4°C (triangles), and current chimate (circles) scenarios Drought event
occurred from decade 11 through 14 Simulated for 500y and replicated 100 hmes

are ignition and fire number (Gardner et al. 1996; Skinnet
etal. in press).

The large increase in the proportion of deciduous
forest in the warmer climate is consistent with wide-
spread donunance of poplars during the Holocene
thermal maximum 9000y bp (Brubaker ef al. 1995), which
contrasts with spruce dominance during cooler periods.
Spruce and poplar currently co-occur across a broad

. 2000 Blackwell Science Ltd, Global Change Biology, 6, 541-555

climate gradient, so we suggest that changes in fire
regime may have been primarily responsible for past
changes in spruce or deciduous dominance in Alaskan
forests Our results clearly mndicate that fire regime (re,
frequency and size of fires) plays an important role in
determining the relative abundance of ecosystem types
and may cause qualitatively different patterns across the
landscape.
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Fig.6 Average percentage cover of tundra (squares), white spruce forest (triangles), deciduous forest (circles), and grassland (dia-
monds) across the landscape, under climate scenarios of (a) instantaneous +2°C and (b) nstantaneous +4°C, with a 40-y drought
event (from decade 11 through 14) Simulated for 500y and replicated 100 times

Transient events can cause long-term changes in
vegetation distribution and disturbance regime, creating
historical legacies that cannot be explamned by current
climate (Ritchie 1986). The simulation of short-term
extremes 1n temperature and precpitation caused the
establishment and persistence of drought-resistant grass-
land-steppe vegetation that 1s currently absent from the
Alaskan boreal forest except in dry microsites (Lloyd
etal. 1994) and regions (Hogg & Hurdle 1995). The high

flammability of this vegetation type resulted in fires that
repeatedly burned and maintained the grassland but also
occasionally spread into adjacent less flammable vegeta-
tion, causing much more widespread landscape conver-
sion to grassland (49-56%) than we had previously
simulated using a nonspatial model (18%) (Chapin &
Starfield 1997). Biogeochemical models also simulate
reduced forest cover with increased temperature scenar-
10s (VEMAP 1995) Field observations indicate that, once

© 2000 Blackwell Science Ltd, Global Change Biology, 6, 541-555
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established, grasslands are surprisingly stable as a result
of fire-vegetation and herbivore-vegetation feedbacks
(D’ Antonio & Vitousek 1992). For example, in the NE
Siberian boreal forest, grasslands that were created near
villages have remamed as grassland for more than
100 years after villages were abandoned (5. A Zimov &
F. S. Chapm, unpubl. obs.), Conversion of tundra to
grassland-steppe could plausibly occur over broad areas,
under GCM-predicted scenarios of drier growing season
climates (Chapin & Starfield 1997). This hypothesis 1s
consistent with the palaeocecological literature, which
repeatedly demonstrates the development of new eco-
systems or novel combinations of species following
climatic change (Davis 1981, Chapin & Starfield 1997).

The major results of our simulations are that: (1) a
warming chmate (as little as 2°C) will lead to a
conversion of tundra to white spruce and deciduous
forest on the Seward Peninsula; (ii) regardless of the rate
or magnitude of warmung, vegetation will continue to
change for centuries following climatic change; and (iii)
speafic transient events can influence long-term rates
and patterns of vegetation change and disturbance
leading to ‘legacies’ that cannot be explained by current
climate. These results suggest that transient vegetation
changes influence both the rate and endpoint of vegeta-
tion change in ways that have important regional
implications for both carbon storage and biotic feedbacks
to chmate These results highlight the importance of
developing spahally explicit transient models of vegeta-
tion change at the landscape and regional scales to
perform ‘thought experiments’. These experiments en-
able us to look for consistencies and inconsistencies
between the current landscape pattern, the historical
record (to the extent it exists), and our understanding of
key processes on the landscape, and then project forward
to look for both unexpected possibihties and robust
conclusions,
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